Phospholipase C-related but catalytically inactive protein (comprising PRIP-1 and PRIP-2 [officially designated PLCL1 and PLCL2]) was first identified in our laboratory, but the biological functions have remained elusive. Therefore, we generated Plcl1 and Plcl2 double-knockout mice (Plcl1 tm1Mh ; Plcl2
INTRODUCTION
Phospholipase C-related but catalytically inactive protein (PRIP [officially designated PLCL]) was first identified as a novel D-myo-inositol 1,4,5-trisphosphate [Ins(1,4,5)P 3 ] binding protein and tentatively named p130 based on molecular size [1] . Subsequent molecular cloning studies revealed that the molecule is similar to phospholipase C-d1 but catalytically inactive, which is the reason for the revised name, and is expressed predominantly in the brain [2] [3] [4] [5] . In an attempt to explore the biological function of PRIP-1 in relation to the binding to Ins(1,4,5)P 3 via its pleckstrin homology (PH) domain [6, 7] , we performed serial experiments, first using COS-1 cells stably overexpressing PRIP-1 [8] and then cultured neurons prepared from PRIP-1 knockout (KO) mice (PRIP-1 KO mice [officially designated Plcl1 tm1Mh ]) [9] . The results showed that cells both overexpressing and littleexpressing PRIP-1 produced a reduced Ins(1,4,5)P 3 -mediated Ca 2þ increase in cells, probably for different reasons, indicating that the presence of an appropriate amount of PRIP-1 is needed to produce right Ins(1,4,5)P 3 -mediated Ca 2þ signaling. Later, an isoform with relatively broad tissue distribution, including the brain, was reported [10, 11] , indicating that PRIP comprises type 1 and 2.
The possible involvement of PRIP in c-aminobutyric acid type A (GABA A ) receptor function was initiated by finding of the binding partners, including the catalytic subunit of protein phosphatase 1 [12] [13] [14] , protein phosphatase 2A [15] , GABA A receptor-associated protein (GABARAP) [13, 16, 17] , and GABA A receptor b subunits [14, 15] . We also generated Plcl1 and Plcl2 (PRIP-1 and -2) double-knockout mice (DKO mice [officially designated Plcl1 tm1Mh and Plcl2 tm1Tta , respectively]) to help gain further insight into the functional significance of these proteins in GABA A receptor signaling and to study further the function of PRIP [18] .
During the course of mutant animal maintenance, we noticed that the mutant couples exhibited decreased litter events and litter size, indicating dysfunction of the reproductive system. The hypothalamus-pituitary-gonadal (HPG) axis is central to the reproductive system [19] . The release of gonadotropin-releasing hormone (GnRH) from hypothalamus neurons stimulates the secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from gonadotrophs in the anterior pituitary glands. The female reproductive system is more vulnerable to gonadotropin dysregulation than the male. LH regulates gonadohormone synthesis and ovulation by mature follicle rupture, and FSH promotes follicle maturation to the preovulatory stage and estrogen release [20] .
In this study, we compared DKO mice with control mice in an investigation regarding the processes in the reproduction system influenced by PRIP deficiency. Cross-mating experiments were performed to determine whether male or female is defective in reproduction. We also investigated the estrous cycle by histological analysis of vaginal smears and measured serum levels of gonadotropins during the estrous cycle, followed by the measurements of 17b-estradiol and progesterone. Explant culture of anterior pituitary glands prepared from the control and DKO mice was performed to examine gonadotropin secretion.
MATERIALS AND METHODS

Animals
PRIP-1 and -2 DKO mouse strains and the corresponding wild type (WT) were generated as described previously [15] . In brief, PRIP-1 KO mice and PRIP-2 KO mice back-crossed against the C57BL/6J (Charles River Laboratories Japan, Inc.) background were crossed to generate a DKO mouse strain and corresponding WT. Homozygous DKO and WT mice were intercrossed to obtain the required number of mice, and only F1 and F2 generations of both genotypes were used for experiments. The handling of mice and all procedures were approved by the Animal Care Committee of Kyushu University, following the guidelines of the Japanese Council on Animal Care.
Mouse Fertility Assessment
WT or DKO females aged 12 wk were mated with age-matched WT or DKO males. Once found to be pregnant, female mice were isolated until they gave birth. After counting the number of pups, the female mice were returned to mating cages the next day. This continued for 4 mo.
Determination of Estrous Cycle
The pattern of estrous cycles was determined using 3-mo-old female mice for 28 consecutive days. Animals were maintained under 12L:12D (lights on from 800 to 2000 h) and vaginal smears were collected at the same time (1700 h) every day, by flushing the vagina with PBS. Aliquots of collected smears were mounted on glass slides to stain with Giemsa solution. Stained cell samples were examined under a microscope with a magnification of 1003. When nucleated cells or cornified cells were dominant in the smear, the mice were assigned to be in proestrus or estrus. Metestrus or diestrus was assessed by the presence of a multitude of leukocytes, and all of these criteria are based on those described previously [21] .
Measurement of Hormone Levels
About 300-400 ll of blood samples were collected every day at 1700 h for 5 or 6 consecutive days from retinal blood vessels of 3-mo-old mice, and sera were prepared. Sera (50 ll) were used for the measurement of LH (sensitivity .0.2 ng/ml) and FSH (sensitivity .0.2 ng/ml) concentrations by ELISA using the respective kits (Endocrine Technologies, Inc.) according to the manufacturer's protocol. Sera (50 ll) were also used for the measurement of progesterone (sensitivity .0.1 ng/ml) and 17b-estradiol (sensitivity .3 pg/ ml) by the respective ELISA kits (Endocrine Technologies, Inc.) according to the manufacturer's protocol. Anterior pituitary glands, isolated from 3-mo-old mice of each genotype, were homogenized by a Teflon-pestle homogenizer (Nippon Rikagaku Kikai) in PBS containing 0.5% Triton, followed by a centrifugation at 50 000 3 g for 10 min. The extracts (40 lg) were used for the measurement of the amount of LH and FSH using a kit as described above.
Explant of Pituitary Gland
Anterior lobes of the pituitary glands were carefully isolated free from intermediate and posterior lobes under a stereoscopic microscope (Olympus) from 3-mo-old female mice of each genotype immediately after decapitation, followed by cultivation according to the method described by John et al. [22] . After dividing the isolated anterior pituitary gland into four segments of equal size, the segments were incubated with 100 ll of Eagle balanced salt solution (Sigma) in a 96-well culture plate for 3 h at 378C, with medium changes every hour. The segments were then stimulated with fresh medium containing 40 min. The incubation medium was collected carefully at the time indicated without sucking up the tissue segments with the pipet, and the segments were supplemented with fresh medium with or without stimulants. Medium collected was cleared by a centrifugation at 10 000 3 g for 5 min and was then assayed for secreted LH by ELISA.
Immunoblotting
Hypothalamic regions, anterior-pituitary glands, testes, and ovaries isolated from 3-mo-old mice of each genotype were extracted with lysis buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton, and 5 mM EDTA). Total cell lysates were separated by SDS-PAGE, followed by transfer to polyvinyldifluoride membrane and immunoblotting with antibodies against PRIP-1
(1:1000) [15] , PRIP-2 (1:1000) [15] , b-subunit of LH (1:1000; Biogenesis). b-subunit of FSH (1:1000; Biogenesis), LH receptor (LHR; 1:1000; Santa Cruz Biotechnology), FSH receptor (FSHR; 1:300; Santa Cruz Biotechnology), btubulin (1:2000; Upstate), and b-actin (Sigma). Blots were developed with horseradish peroxidase-coupled secondary antibodies and visualized using the ECL system (Amersham Biosciences). Density was quantified by an Image Gauge software (version 3.0; Fujifilm) and shown as a relative value after normalizing with that of b-tubulin or b-actin in each experiment.
PCR Conditions
Mouse anterior pituitary glands (3-mo-old) were isolated and homogenized for total RNA extraction. Total RNA was extracted by an illustra RNAspin Mini RNA Isolation kit (GE Healthcare) according to the manufacturer's instructions. After cDNA synthesis using total RNA (1 lg) with ReverTra Ace ( 
Statistical Analysis
Data are presented as the mean 6 SEM of at least three independent experiments in each figure. Student t-tests were used and significance is represented by * or ** for P , 0.05 or P , 0.01, respectively.
RESULTS
Phenotype of DKO Mice Related to Reproduction
We generated Plcl1 and Plcl2 (PRIP-1 and -2) DKO mice [15] , but we soon noticed that it was hard to maintain the deficient mice strain because of the decreased number of pups born and the decreased frequency of litter; therefore, we systematically examined the fertility of the deficient mice from the age of 12 wk for 4 mo using four and seven pairs of WT and DKO, respectively. As shown in Table 1 and Figure 1 , the litter size of the WT pair was 6-8.8, while that of the DKO pair was 0-7. The average interval between litters of WT pairs was 26.2 days, whereas that of DKO was 35.2 days, indicating fewer pups per litter and a prolonged interval between litters. Therefore, the total number of pups born during the period examined was 18-35 and 0-20 for WT and DKO pairs, respectively. One of the mutant pairs delivered no pups during the period examined (Table 1) . To determine whether males or females were defective, cross-mating experiments were performed using five or six cross pairs; male DKO exhibited normal fertility, whereas female DKO paired with male WT showed a decreased number of pups during the period examined (Fig. 1D) , which was very similar to those observed with DKO pairs, indicating that the reproductive defect was in females.
Gross anatomical observations of the reproductive organs as well as the body weight were then performed (Fig. 2) . The only difference in gross anatomy among organs examined from both genotypes at the age of 6 mo was in the uterus. As shown in Figure 2E , DKO mice exhibited a smaller uterus on the whole, but the wall thickness showed little difference, and histological analysis of the uterus showed no significant difference in mucous, muscle, and adventitial layers between WT and DKO 682 (Supplemental Fig. S1 ; all Supplemental Figures are available online at www.biolreprod.org). It was noteworthy that no difference in the size of the uterus between two genotypes was observed in mice up to the age of at least 12 wk, but then the growth appeared to be downregulated with age, indicating that a small uterus in DKO mice is not innate, but becomes overt after puberty.
In order to further characterize the reproductive physiology of DKO mice, we examined the estrous cycle in mice by histological analysis of vaginal smears. Five mice of each genotype at the age of 3 mo were analyzed every day at 1700 h for 28 days (Fig. 3) . WT mice showed relatively regular estrous cycles lasting 4 to 5 days, i.e., 24.3% of the days (34/140 days) were estrous days. DKO females also showed cyclic estrus, but the estrous days were apparently increased (41.4%, 58/140 days), indicating the dysregulation of gonadotropin levels in DKO mice.
Effect of PRIP Deficiency on Gonadotropin Secretion
We first examined the expression of PRIP in tissues involved in gonadotropin secretion according to the HPG axis. Both PRIP-1 and -2 were found to be expressed in the hypothalamus and anterior pituitary gland, but to a smaller extent in the testis or ovary (Fig. 4) . Figure 4 also showed no expression of PRIP-1 and -2 in DKO mice.
We then measured serum concentrations of LH and FSH in females of both genotypes at the age of 3 mo for 5 or 6 days because their average estrous cycles were 4-5 days. WT mice exhibited an LH surge for a day, albeit with variable maximum levels (Fig. 5A) . On the other hand, DKO mice appeared to have consistently higher basal LH levels, and some of the deficient mice showed lasting high levels of LH, showing no distinct LH surge (Fig. 5A) . The average level of all LH concentrations measured with DKO females was about twice as much as those seen with WT mice (Fig. 5A, right) . A similar PRIP REGULATES GONADOTROPIN SECRETION pattern of increased levels of FSH was also observed in DKO females (Fig. 5B) . We further investigated the basal and stimulation-dependent secretion of LH from isolated mouse anterior lobes of pituitary glands in vitro. As described in Materials and Methods, isolated anterior lobes of pituitary glands prepared from WT or DKO mice at the age of 3 mo were incubated alone or with stimulants (buserelin, an analog of GnRH and high K þ ) for the periods indicated. As shown in Figure 6 , the lobes from DKO mice secreted more LH in response to both buserelin and high K þ solution, and furthermore, it was noteworthy that basal secretion of LH without any stimulation was also higher in DKO mice. The basal secretion of FSH was also elevated in the mutant mice (data not shown).
To analyze the production of LH and FSH at both mRNA and protein levels in the anterior lobes of pituitary glands from both genotypes, quantitative RT-PCR, immunoblotting, and ELISA analyses were performed using the total RNA or tissue extracts. As shown in Figure 7 , LH and FSH at protein level were decreased in DKO compared to those in WT (Fig. 7B) , whereas little changes were observed in mRNA level (Fig. 7A) , indicating that LH and FSH are constantly secreted more in DKO mice, but the transcriptions are unchanged.
Elevated serum levels of LH and FSH may affect the secretion of related hormones from the target tissues, such as the ovary and testis. We then examined serum levels of progesterone and 17b-estradiol secreted from the ovary using the same blood samples collected for LH and FSH assays. The mean values of several mice with either genotype for 5-6 days are shown in Figure 8 , A and B. The serum levels of progesterone in DKO mice were apparently lower than those of WT, whereas the levels of 17b-estradiol in DKO mice showed statistically little difference from those of WT mice, but with slightly lower levels (Fig. 8, A and B) . Histological analysis of the ovaries for the number of corpus luteum was performed, showing little difference (Supplemental Fig. S2 ). The expression of the gonadotropin receptors LHR and FSHR in WT and DKO ovary extracts was also examined by immunoblotting using the respective anti-receptor antibody. Clear bands with a molecular size of 85 kD and 75 kD for LHR and FSHR, respectively, were identified. There was little difference in LHR or FSHR expression levels in the ovary between WT and DKO mice (Fig. 8C) .
DISCUSSION
The present study was initiated by the observation that DKO mice exhibited a decreased number of pups per litter and fewer litters. Higher serum levels of the gonadotropins LH and FSH were observed with DKO females, and the increased estrous days were also shown in the DKO by histological analysis of vaginal smears. In humans, there are some clinical observations that hypersecretion of LH impairs fertility in females by the disruption of ovarian function or maintenance of pregnancy [23] [24] [25] . Elevated FSH is also associated with reproductive impairment. Increasing basal FSH is related to a shorter follicular phase [26] [27] [28] and cycle length [29] [30] [31] in aging females before menopause transition. Elevated basal levels of gonadotropins lead to reproductive defects; however, the mechanisms have remained obscure because of the multiple causes of female reproductive disorders associated with increased LH and/or FSH.
The hierarchical HPG axis is central to gonadohormone secretion in conjunction with positive and negative feedback mechanisms. The impairment of progesterone biogenesis from cholesterol in ovaries of DKO mice might be a primary cause for higher serum levels of gonadotropins mediated by the negative feedback loop. However, this notion attributed to progesterone biogenesis would be unlikely because the explant of the pituitary glands from DKO mice secreted more LH, independent of the amount of progesterone, and the ovary contains less PRIP than the hypothalamus and pituitary gland. The upregulation of GnRH secretion in DKO mice might be the cause for the higher levels of LH and FSH in accordance with the hierarchy, but this could not be experimentally qualified because it is difficult to measure serum levels of GnRH streaming in the hypophysial portal system. GnRH neurons were reported to be modulated by activities of GABA A receptors [32] , the properties of which have been altered in DKO mice [18, 33] . In cases of either dependence on or independence of GnRH, the upregulation of secretion from pituitary glands would be more probable. Total contents of LH and FSH in the pituitary lobes was decreased in DKO mice, but the mRNA levels remained constant, suggesting that the constitutive upregulation of gonadotropin secretion results in decreased intrapituitary level of gonadotropins. Overall, upregulation of the secretion of LH and FSH from the pituitary glands appears to be the characteristic acquired by DKO mice. Isolated lobes of pituitary glands secreted more LH in response to both buserelin, an analog of GnRH, and high K þ solution. Buserelin binds to the GnRH receptor of pituitary gonadotrophs, activating GnRH signaling to trigger Ca 2þ release from storage sites through the action of Ins(1,4,5)P 3 following PLCb activation [34] [35] [36] [37] , which would be followed by storageoperated Ca 2þ influx [34, 35] . On the other hand, high K concentration. Furthermore, basal constitutive secretion without any stimulation was also higher in DKO lobes, indicating the independence of GnRH and the associated changes in intracellular Ca 2þ , apart from pulsatile secretion of LH observed in vivo [38, 39] . FSH secretion was also upregulated in DKO mice. It appears that the pituitary gonadotrophs of DKO mice potentially secreted more gonadotropins, rather than that the higher serum levels of gonadotropins in DKO mice are solely dependent on the higher secretion of GnRH. Several studies reported that LH and FSH are secreted via different respective pathways after their biosynthesis [39, 40] . These reports and the results observed with DKO mice suggest that 
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PRIP plays an inhibitory role in the events related to granules or dense-core vesicle exocytosis in both a constitutive and facilitated manners. Thus, PRIP deficiency would result in the increased secretion of gonadotropins, which reminded us of our previous publication in which PRIP-1 KO mice showed higher serum levels of insulin [41] .
In addition to SNARE proteins and synaptotagmins, many molecules, including small G proteins (rab) and their regulatory proteins (GAP, GEF, rabphilin, RIM, etc.), UNC13 (also known as Munc-13), and STXBP (also known as Munc-18), are implicated in vesicular fusion processes [42] [43] [44] . Among these molecules, one candidate to work with PRIP in a competitive manner would be CADPS (Ca 2þ -dependent activator proteins for secretion, also known as CAPS comprising CAPS1 and 2), which was first identified as a molecule to activate Ca 2þ -triggered dense-core vesicle exocytosis in permeable neuroendocrine cells [45, 46] . The precise molecular mechanisms enhancing exocytosis remain to be elucidated, but CADPS activity depends upon prior ATP-dependent priming, during which phosphatidylinositol-4,5-phosphate synthesis occurs. Following synthesis of the lipid, CADPS functions to enhance Ca 2þ -dependent dense-core vesicle exocytosis as the binding protein via the PH domain [47] . As described earlier, PRIP also shares the PH domain in the domain organization, and X/Y barrel acts as a PLC-mimicking domain that lacks catalytic activity, but could accommodate the phosphoinositides (results not shown). A recent report indicated that CADPS functions not only in Ca 2þ dependently, but also with constitutive exocytosis downstream of vesicle docking [48] . Furthermore, rabphilin could also be a candidate to work with PRIP because the molecule is reported to bind phosphatidylinositol-4,5-phosphate via its C2 domain [49, 50] .
FSH stimulates follicle development, leading to 17b-estradiol synthesis. This elevated level of 17b-estradiol then results in an LH surge in a positive-feedback manner, followed by ovulation. LH also stimulates progesterone release; however, decreased levels of progesterone and little difference in 17b-estradiol were observed in DKO mice, although gonadotropin levels were elevated. No apparent difference in the number and histology of corpus luteum was observed between two genotypes. One possibility to explain this contradiction is that the expressions of LHR and FSHR are lower in DKO ovaries, caused by their down-regulation because of constant hyperstimulation. The result assessed by immunoblotting appears to exclude this possibility; however, this included the receptors of whole tissue extracts, not only functional receptors on the cell surface. Furthermore, signaling pathways following ligand binding might be down-regulated in DKO mice.
Smaller uteri were observed in 6-mo-old DKO females. Because little difference in the size of the uterus between two genotypes was observed in mice up to the age of at least 12 wk, retardation in the maturation step of the uterus occurs after puberty. 17b-Estradiol is involved in the development and maintenance of the uterus, and progesterone is involved in maintaining the uterus condition for fertility. A decreased level of progesterone might lead to a smaller uterus and reduce fertility. A previous report indicated that transgenic LHbCTP females in which LH was elevated presented a hormone imbalance causing a defect in uterine receptivity, resulting in the induction of midgestation pregnancy failure [51] . Such defects might also occur in these DKO females because of elevated LH levels.
This study introduced a novel molecule named PRIP into the reproductive system, probably through regulating gonadotropin levels, but further studies are apparently required to explore how PRIP is involved in regulation of the gonadotropin level and the reproduction system.
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